ABSTRACT: In this paper we analyse the joint distribution of extreme temperature and heavy precipitation events in southern South America during 1961−2000, and the predominant atmospheric circulation associated with the occurrence of compound extreme events. We show that the probability of occurrence of intense precipitation (daily rainfall higher than the 75th percentile) significantly increases during or following a warm night (minimum temperature higher than the 90th percentile), but decreases during a cold night (minimum temperature lower than the 10th percentile) during the warm season. Heavy precipitation events are associated with the simultaneous occurrence of warm days (maximum temperature higher than the 90th percentile) or following such an event in eastern Argentina, but they rarely occur before. In contrast, cold days (maximum temperature lower than the 10th percentile) happen more often after an intense rain. Compound events are usually associated with 1 or 2 typical circulation patterns in each subregion. For example, warm days and heavy precipitation tends to occur more often when a trough over the Pacific Ocean and a cold front over the continent lead to warm and wet air advected to the east of the region of study. We also analysed the skill of 7 regional climate models from the CLARIS LPB project to simulate the statistical relationship between temperature and precipitation extremes in 1990−2000. Overall, models were able to simulate an increase in the probability of occurrence of extreme rainfall during warm nights and cold days, and an inhibition of precipitation during cold nights. However, models tend to fail to capture the spatial distribution of the compound extreme events in southeastern South America.
INTRODUCTION
Social and natural systems in Central and South America are highly influenced by climate variability at different time scales. Extreme events in particular have impacted large areas of the American continent. During 2000−2013, 613 individual weather and climate extreme events were registered in the region, affecting more that 50 million people and leaving >13 000 fatalities and >US $ 52 billion in economic damage (Magrin et al. 2014 ). In addition, changes in climate variability have severely affected the region. Increasing trends in annual rainfall have been observed in southeastern South America (0.6 mm d −1 during 1950−2008) and warming has been detected throughout Central and South America (near 0.7 to 1°C since the mid-1970s). Extreme events have also changed in the region during the second half of the 20th century: temperature extremes have increased in Central America and most of tropical and subtropical South America, while extreme rainfall in southeastern South America has become more frequent, leading to a higher occurrence of landslides and flash floods (see Magrin et al. 2014 and references therein).
The Intergovernmental Panel on Climate Change (IPCC) defines a compound extreme event when 2 or more extreme events occur simultaneously or consecutively, when different extreme events combined lead to an amplification of the impact of the events, or when individual events that are not extreme by themselves lead to an extreme event or impact when they occur together, leading to an emerging risk (Seneviratne et al. 2012 , Reisinger et al. 2014 . When a drought period is concomitant or followed by a period of extremely high temperature, the consequences for certain types of crops can be more severe than dry conditions alone (Jiang & Huang 2000) . Also, fire risk increases when these 2 extreme events occur simultaneously (Bradstock et al. 2009 ). However, the understanding of concomitant temperature and precipitation stress and its impacts is still very poor.
A first approach to understanding the behaviour of compound temperature and precipitation extremes is based on the fact that changes observed in temperature and precipitation can be physically related. Madden & Williams (1978) and Zhao & Khalil (1993) analysed correlations between mean seasonal temperature and total precipitation in the US and Europe and found that cool summers tend to be associated with wet conditions, while droughts are usually observed together with heat waves. On a global scale, Trenberth & Shea (2005) showed a strong negative correlation between mean monthly temperature and precipitation during summer over the continents in both hemispheres, showing that summers tend to be warm and dry or cool and wet. The authors attributed this behaviour to the fact that dry conditions favour direct radiation and a lower cooling due to evaporation. However, poleward of 40°, winter positive correlations are stronger, since the low moistureholding capacity of the air in cold conditions limits the amount of precipitation. In regions where oceanic conditions are dominant, warm temperatures are usually associated with an increase in precipitation, such as during El Niño events (Trenberth et al. 2007) .
In southern South America, described an inverse relationship between temperature and precipitation during the warm season (December to April): warm summers were associated with low precipitation, especially in northeastern and central-western Argentina, south of Chile and in Paraguay, while cool summers were related to above-normal precipitation due to an increase in the frequency of cold fronts. More recently, based on observed monthly data, Barrucand et al. (2014) showed that warm and dry conditions were significantly more frequent than cool and dry conditions in central Argentina all year round. However, cool and dry months were predominant in the east of the country, especially after 1976.
Even though mean values and extreme events do not usually share the same distribution, Rusticucci & Barrucand (2004) showed that the occurrence of extreme temperature events and mean seasonal values are highly correlated in Argentina. During summer, correlation coefficients between the mean seasonal temperature and warm days or nights were significant and > 0.7 in central Argentina, indicating that an increase in mean values would lead to more frequent warm extreme events. Negative correlations of lower magnitudes were found between the summer mean temperature and cold days or nights, but almost no significant relationship was found during winter for any of the analysed extreme events.
However, very few studies have analysed the occurrence of compound extreme events. In Canada, the analysis of the joint distribution of daily extreme temperature and heavy precipitation events showed that the occurrence of these 2 types of extremes is not independent of each other (Tencer et al. 2014) . The authors found a significant positive relationship between warm nights (minimum temperature above the 90th percentile) or warm days (maximum temperature above the 90th percentile) and heavy precipitation (daily precipitation above the 75th percentile), with greater frequencies of compound extreme occurrences observed in coastal areas, especially during fall and winter. During spring and summer, warm days were usually associated with an inhibition of heavy precipitation over the entire region of study. Cold days (maximum temperature below the 10th percentile) were usually associated with heavy precipitation during summertime, but the opposite relationship was observed during winter. Cold nights (minimum temperature below the 10th percentile) were almost always associated with a decrease in the number of heavy precipitation events.
In this study, we used a similar methodology as that presented by Tencer et al. (2014) to analyse the joint occurrence of heavy precipitation and extreme temperature events in southeastern South America based on historical observations of the second half of the 20th century and the atmospheric circulation associated with these compound extremes.
The study of the relationship between extreme temperature and precipitation events can also help reduce the uncertainties associated with projected changes in extreme precipitation events in the region. The skill of both global and regional climate models (RCMs) to simulate mean and extreme precipitation in southeastern South America is not at all satisfactory (Vera et al. 2006 , Solman et al. 2008 , Carril et al. 2012 , Bettolli & Penalba 2014 . A multi-model ensemble of 4 RCMs forced by ERA-40 reanalysis for the period 1991−2000 was able to capture the large-scale precipitation over the region, but it overestimated the number of wet days and underestimated both the daily rainfall intensity and heavy precipitation events, especially during summer (Carril et al. 2012) . A more recent and larger ensemble developed for the same region shows that the underestimation of wintertime precipitation over La Plata Basin is a systematic shortcoming of the models, due to their lack of skill in simulating the amplitude of the syn optic scale activity which is the main source of precipitation (Solman et al. 2013) . Therefore, the understanding and quantification of a conditional probability between temperature and precipitation will allow an estimation of the probability of occurrence of heavy precipitation events, given the occurrence of an ex treme temperature event. We therefore aimed to assess the capability of the regional climate models to reproduce this relationship.
DATA AND METHODOLOGY

Observed data
We used daily precipitation (Pr), and maximum and minimum temperature (Tx and Tn, respectively) observed at meteorological stations during the period 1961−2000 in southern South America (Fig. 1 ). Data were gathered and quality controlled during the CLARIS LPB − 'A Europe-South America Network for Climate Change Assessment and Impact Studies in La Plata Basin' project ). The region of study was subdivided into 4 different subregions for the analysis of the patterns of circulation associated with the occurrence of compound extreme events. The 4 subregions were defined according to different climatological regimes east of the Andes (Prohaska 1976 . The stations located west of the Andes belong to different climate regimes. However, due to the low spatial coverage and scarce number of stations in Chile, they were not considered for the analysis of the relationship with the circulation.
Only stations with at least 20 yr of records in the period of study (1961−2000) and <10% of missing data over the whole period were used for this study, leaving a total of 143 stations in the region (24 in the NW, 46 in the NE, 27 in the SW and 46 in the SE). However, as discussed later, not all stations recorded sufficient occurrences of the different compound extremes to be included in the analysis. For the assessment of the RCMs, models were compared to a gridded dataset of daily precipitation (Jones et al. 2013) , and minimum and maximum temperature (Tencer et al. 2011 ) based on observed data at meteorological stations and developed during the CLARIS LPB project. The common domain covered by these datasets is 20−40° S, 45−70° W (see Fig. 1 ) in the period 1961−2000. Both the station data and the gridded datasets are available online at http:// wp32.at.fcen.uba.ar/.
RCM simulations
Daily data from 7 RCM simulations from different institutions participating in the CLARIS LPB project were used in this study to assess the skill of the models to simulate the behaviour of the temperature and precipitation compound extreme events ( Table 1 ). The domain of the models covers all of South America, bounded by 60°S−15°N and 90−20°(see Fig. 1 ), and simulations span the period 1990−2008. However, the area and period of study are constrained by the area covered by the observed gridded datasets to southeastern South America and 1990−2000 (see previous section and Fig. 1 ). All models were forced at the lateral boundaries and initial conditions by the ERA-Interim reanalysis (Simmons et al. 2007 , Dee et al. 2011 ) at a horizontal resolution of approximately 50 km. Each model uses a different grid type, so they were re-interpolated to a common grid coincident with the observational dataset used for the intercomparison, based on a regular grid with a resolution of 0.5°. A correction by elevation was also applied to the simulated temperature using a standard lapse rate of 6.5°C km −1 to take into account the topographical differences between each native RCM grid and the observational grid. For more information on the simulations, re-interpolation method and an evaluation of the model performance in simulating seasonal means, see Solman et al. (2013) .
Individual and compound extreme event definition
Based on the daily time series, warm days (nights) were defined as those days when maximum (minimum) temperature exceeded the 90th percentile of the empirical distribution of all days over a 5 d running window centred on each calendar day (Zhang et al. 2011) . Cold days (nights) correspond to those days when maximum (minimum) temperature is below the 10th percentile of the empirical distribution, based on the same window of time. The 4 different types of extreme temperature events are referred to hereafter as Tx90 (warm days), Tn90 (warm nights), Tx10 (cold days) and Tn10 (cold nights).
Similarly, heavy precipitation events (hereafter Pr75) were defined as those days when the total accumulated daily rainfall exceeded the 75th percentile of the empirical distribution of rainy days (Pr > 0.1 mm), based on a 29 d moving window centred on each calendar day. The length of this window was selected to be longer than that recommended for temperature by the World Meteorological Organization Commission for Climatology/Climate Variability and Predictability/Joint Technical Commission for Oceanography and Marine Meteorology Expert Team on Climate Change Detection and Indices (ETCCDI; Zhang et al. 2011) due to the higher variability of daily precipitation compared to daily temperature. Table 1 . Regional climate models used in this study. See Table 1 in Solman et al. (2013) for more information on the models
Author copy
A compound extreme event is defined in this study as the combined occurrence of 1 of the 4 temperature extremes and a heavy precipitation event. The occurrence of Pr75 can happen on the same day, the day before or the day after a temperature event. For each of these 3 cases and each compound extreme event (Pr75 combined with each of the 4 extreme temperature events defined above), the joint distribution was analysed using a contingency table with values n pt , where p and t represent extreme precipitation and temperature events, respectively, and are represented by the numbers 1 or 2, indicating occurrence or nonoccurrence, respectively, and n is the absolute frequency of occurrence of the compound event observed during the period of study. An independent contingency table was computed for the warm (October to March) and the cold season (April to September). The probability of Pr75 conditioned to the occurrence of a temperature ex treme event is therefore given by n 11 /(n 11 + n 21 ), where n 11 computes the number of days in the period when both types of extreme occurred, and n 11 + n 21 is the total amount of temperature extremes.
In the absence of a statistical relationship between these extremes, the conditional probability of Pr75 given the occurrence of a temperature extreme is equal to the probability of occurrence of Pr75 itself, which can be computed as the probability of having a rainy day multiplied by the probability of rainfall exceeding the 75th percentile, i.e. 0.25. We can therefore express the observed conditional probability of each compound extreme event as a ratio over the expected probability in the absence of a relationship. Ratios between 0 and 1 will depict a negative relation between the extremes, and therefore lower prob ability of heavy precipitation given that temperatures are extreme. Ratios >1 describe a positive relation be tween ex treme temperature and precipitation events, with the probability of heavy pre cipitation being in creased by the occurrence of a temperature extreme.
The statistical significance of the relationship between temperature and extreme events was analysed at the 5% level by applying a 1-tailed chisquared test (Wilks 2011) . See Tencer et al. (2014) for details on the application of this test.
Synoptic classification
In order to analyse the daily atmospheric circulation associated with compound extreme events, daily circulation patterns characterised by Barrucand et al. (2014) were considered. The patterns were determined based on daily fields of 500 hPa geopotential heights over the domain 15−60°S and 40−90°W from NCEP Reanalysis II (Kanamitsu et al. 2002) for the reference period 1979−2008. The seasonality was removed by subtracting the daily average field over the reference period from each daily field.
Daily geopotential height anomalies at 500 hPa were synthesized using the principal component analysis technique, retaining the first 5 principal components that account for 82.2% of the total variance. A cluster analysis on the sub-space defined by these retained principal components was conducted using the k-means classification algorithm. This classification resulted in 10 dominant circulation types (labeled as CTi, with i = 1 … 10), which span the range of synoptic conditions over southern South America (see Fig. 5 ).
The comparison with some of the compound extreme events found in the present work required the utilization of daily fields of 500 hPa geopotential height from outside the reference period 1979−2008 used by Barrucand et al. (2014) . Fields from the NCEP Reanalysis I (Kalnay et al. 1996) were used for events prior to 1979. Each one of these daily fields was projected onto the circulation patterns determined in the reference period and was assigned to the CT that correlated best with this field.
OBSERVED JOINT DISTRIBUTION OF EXTREME EVENTS
The analysis of the joint distribution of the simultaneous occurrence of warm nights and heavy precipitation events during the warm season (October to March; Fig. 2 ) shows a positive relationship between these 2 types of extremes over the entire region of study, i.e. the probability of occurrence of Pr75 increases during the occurrence of Tn90. This relationship is significant at the 5% level in > 80% of the stations and up to 3 times higher than expected in the absence of a statistical relation between the extremes in the SE subregion. The frequency of occurrence of Pr75 is also higher than expected on the day after Tn90 (Fig. 2e) in most of the region, although the relationship is slightly weaker than for the simultaneous case. However, when lagged in the opposite direction (Fig. 2i) , the relation between these 2 extreme events becomes negative in all subregions except in the SE and parts of southern Chile (SW), indicating an inhibition of heavy precipitation events preceding a warm night. This could be related to the fact that higher temperatures near the surface favour an increase in the amount of water vapour contained in the atmosphere and the thermodynamic instability that leads to convective activity that characterises this season of the year over the region (Re & Barros 2009 ). It is interesting to highlight that the region has experienced positive trends in warm nights in recent decades (Rusticucci & Barrucand 2004 ) and in heavy rainfall events (Re & Barros 2009 , Penalba & Robledo 2010 . Previous studies suggested that these increases are physically linked (Re & Barros 2009 ), which is in agreement with the strength of the relationship shown in Fig. 2a ,e.
Warm days show a similar pattern when combined with Pr75 (Fig. 2) , although there is more regionalization in the behaviour of this compound extreme for the simultaneous occurrence and when Pr75 happens on the day after Tx90 (Fig. 2e) . However, for the case of Pr75 occurring before Tx90 (Fig. 2j) , the whole study region presents a significant negative relationship, with almost no observed probability of occurrence of this compound extreme event when averaged over the entire region.
Cold nights are associated with an inhibition of heavy precipitation during the warm season, with only some exceptions for Pr75 preceding Tn10 in the NW subregion (Fig. 2k) . Cold nights in the region are mainly related to anticyclones that lead to subsidence and weak surface winds together with low humidity and a clear sky (Müller et al. 2003) , except for the NW region where local processes associated with mountain climates might prevail. Cold days can be associated with the occurrence of Pr75 on the same day (Fig. 2d) or the day before (Fig. 2l) , but rarely on the day after (Fig. 2h) , probably due to the passage of cold fronts.
Overall, the SW is the subregion with the fewest compound extreme events during the warm season and therefore with a less significant relationship between heavy precipitation and extreme temperature events. Stations in northern Chile do not contribute to this analysis due to the minimal occurrence of compound extreme events.
During the cold season (April to September, Fig. 3 ), the sign of the relationship between the different temperature extremes and Pr75 is usually the same as for the warm season, although the number of stations where the relation is significant is lower. The positive relationship between Tn90 and Pr75 observed in the SE is stronger, with probabilities of occurrence of Pr75 of more than 4 times greater than expected in the absence of a statistical simultaneous relationship. During the cold season, incursions of tropical air into mid-latitudes are frequent and occur on the eastern side of the Andes, increasing temperature and atmospheric moisture over the region. This situation, combined with cyclogenesis during the transition seasons and synoptic activity during winter, could lead to the occurrence of warm nights and heavy precipitation events, especially over the SE subregion.
Figs. 2 & 3 demonstrate that the behaviour of the compound extreme events in each subregion east of the Andes responds to different climatic regimes, with clear differences between east and west, and north and south (see, for example, Fig. 3g or i) .
ATMOSPHERIC CIRCULATION ASSOCIATED WITH COMPOUND EXTREME EVENTS
After describing the statistical behaviour of observed compound extreme events in the previous section, we aim to characterise the general atmospheric circulation associated with them. For this purpose, the day of occurrence of each compound extreme event was identified at each location. Table 2 shows the number of days when > 30% of the stations were affected by 1 particular compound extreme in each subregion (for this analysis, stations to the west of the Andes were not considered). In agreement with the results shown in Figs. 2 & 3, Tn90+Pr75 subregional events occurred more frequently than other compound extreme events in the NW, NE and SE regions, followed by Tx90+Pr75 events. Tx10+Pr75 occurred more frequently in the SW region.
In order to analyse whether the probability of occurrence of a compound event increases given the occurrence of a specific CT, the conditional probability of occurrence of a given compound event for a specific CT and the climatological probability of its occurrence were compared (as in Bettolli et al. 2010 ). The comparison was evaluated using the Z-test for a difference between 2 proportions under the null hypothesis that there is no difference between proportion values (Devore & Berk 2012) . The test was performed only in cases when the sample size was sufficiently large, thus the Z-statistic followed a Gaussian distribution. The rejection of the null hypothesis, with a confidence level of 99%, indicates that the probability of occurrence of a compound event is enhanced when a given CT occurs. Fig. 4 shows the percentage of compound extreme events associated with each CT for each subregion. The circulation pattern associated with Tn90+Pr75 depends on the subregion considered. The prob - Table 2 for definitions) during the warm season (October to March) expressed as a ratio over the expected value (see Section 2.3 for details). Filled symbols depict a significant relationship at the 5% level Author copy ability of occurrence of this type of event is enhanced by the occurrence of CT8 over the NE, SE and SW subregions. This circulation pattern shows a short wavelength structure with a negative 500 hPa anomaly centred over the Pacific Ocean and a positive centre over the Atlantic Ocean at 40°S (Fig. 5) . This structure is associated with a trough located in the subtropical sector of the Pacific Ocean with a surface cold front reaching low latitudes east of the Andes (not shown). The cold front is responsible for the warm and humid advection east of the front (NE and SE subregions) and for the forced rising motion that leads to heavy precipitation. These results are in agreement with Barrucand et al. (2014) , who found that CT8 is inhibited during the opposite extreme events (cold and dry months). CT8 not only occurs simultaneously with Tn90+Pr75 but also the day before or the day after this compound event. When analysing surface circulation patterns, Penalba et al. (2013) found that heat waves in the region were dominated by the persistence of surface structures associated with CT8. The Tn90+Pr75 and Tx90+Pr75 events over the SE are also significantly favoured when CT1 dominates the circulation. This pattern shows a dipolar structure of geopotential height anomalies similar to CT8 but located farther south (with centres around 50−55°S), and consequently the associated disturbance favours warm and wet conditions mainly in the SE subregion. The probability of occurrence of a Tn90+Pr75 event in the SE and SW subregions and Tx10+Pr75 in the SW are also significantly increased when CT5 dominates the circulation. This pattern is characterised by an anticyclonic centre located to the southeast of the continent which induces an anomalous easterly flow across the southern sector with enhanced moisture advection, needed for intense precipitation. High (low) minimum (maximum) temperatures are favoured by cloudiness that induces low radiative loss (gain) during the night (day).
CT10 significantly favours Tn90+Pr75 events over the SE and SW subregions. The configuration of this pattern has a centre of positive geopotential anomalies with a NW−SE axis extended from the Pacific Ocean to the Atlantic Ocean. This structure is associated with an upper level ridge and a perturbation positioned in Patagonia followed by a surface anticyclone centred southeast of Buenos Aires pro vince 191   Subregion  NW  NE  SW  SE   Tn90+Pr75  27  39  54  144  Tx90+Pr75  12  20  13  40  Tn10+Pr75  0  0  1  0  Tx10+Pr75  12  2  56  2   Table 2 Table 2 for definitions) associated with each circulation type (CT; see Fig. 5 ) for each subregion (NE, NW, SE, SW; east of the Andes). *Significant associations at the 1% confidence level Author copy enhancing moisture, temperature and instability in the southern subregions (Fig. 5) . Tx90+Pr75 compound events exhibit fewer regionalized events than Tn90+Pr75. However, the analysis of the circulation associated with these events shows a predominant occurrence of the CT7 and CT8 patterns, being significant for the SE subregion. CT7 is characterised by a structure with a centre of negative anomalies positioned toward the extreme southwest tip of the continent extended over the Pacific Ocean and a centre of positive anomalies over the Atlantic Ocean, which extends towards the centre of the continent inducing anomalous flow from the northwest sector (Fig. 5) . This pattern is associated with an intensification of the semi-permanent South Atlantic high, responsible for the high temperatures, and a frontal disturbance over the Patagonia region.
Cold and heavy precipitation days (Tx10+Pr75) show a smaller number of cases, except for the SW subregion (56 events, see Table 2 ). These compound events in the SW subregion are significantly associated with CT4 and CT5. CT4 is characterised by a high pressure system to the south of the continent, enhancing an anomalous flow from the east-southeast to the south of Argentina and a corresponding moisture advection at low levels. Low temperatures during the day could be related to cloudiness. CT4 and CT5 seem to show a sequence of the disturbance in its movement to the east (Fig. 5) . For Tn10+Pr75, only 1 case was recorded in the 1961−2000 period (Table 2) in the SW region and was associated with CT10.
Heavy precipitation events and Tn90 or Tx10 show no association with some specific patterns, such as CT2. This result is consistent with the results found by Barrucand et al. (2014) , who showed that CT2 is associated mainly with cold and dry months in central and northeastern Argentina.
It is interesting to highlight that 8 of the 14 significant associations (asterisks in Fig. 4) are found in the SE subregion. This could be due to the fact that in southern South America, incursions of both polar and tropical air masses are favoured along the eastern side of the Andes. This mountain range canalizes the flow, enhancing the meridional transport of air mass properties, mainly in the NE and SE. North of 40°S, cooling is the consequence of northward intrusions of cold fronts, and therefore warming in this region predominates when the frontal zone remains at higher latitudes (Barros et al. 2002) . Moreover, advection of moisture could also be related to the easterly flow component from the Atlantic Ocean. On the other hand, situations that trigger precipitation processes Author copy such as cyclogenesis and synoptic activity prevail in the southern subregions throughout the year, and particularly during the cold season. Therefore, conditions of high temperature (Tx90 and Tn90) and atmospheric moisture, together with forced rising motion due to synoptic disturbances seem to combine in the SE subregion, generating a greater response from compound events to CTs. Regional compound events often occur in more than one subregion simultaneously and also in more than one condition. For example, on 9 September 1982, > 30% of the stations in the SE and SW were affected by Tn90+Pr75 and Tx90+Pr75. On 7 September 1982, the circulation was dominated by a CT6 structure characterised by a disturbance entering from the Pacific Ocean and favouring a north component flow that initiates the advection of temperature and humidity over the region (see Fig. S1 in the Supplement, available at www.int-res.com/ articles/ suppl/ c068p183_ supp. pdf). On 8 September 1982, a CT8 structure dominated the circulation, with the cold front positioned over the continent and the temperature and humidity anomalies increased over the SE and SW subregions. Some isolated compound events were registered on this day. On 9 September 1982, the CT8 structure persisted and enhanced the temperature and humidity anomalies east of the cold front that gave rise to simultaneous compound events over the region.
SIMULATED EXTREME EVENTS
Individual extremes
Before evaluating the models' skill to represent the distribution of compound extreme events, an assessment of their performance in simulating individual extremes is necessary. This analysis was made over the overlapping domain and period of the observed data and the model simulations, i.e. 1990−2000.
From the exploration of individual model performance, the spatial and temporal distributions of temperature extremes are well represented by the models (not shown). All models are able to simulate the highest values in the northern part of the domain and lower values at higher elevations along the Andes. Minimum temperature is generally better simulated, with spatial correlations between each model and the observations > 0.9 and centred root mean square errors <1°C as shown in the Taylor diagrams (Taylor 2001) in Fig. 6 . Overall, models tend to overestimate the spatial variability of Tn10 and Tn90 during the warm season, and underestimate it in the cold season, as can be seen by the values of the normalized standard deviation in Fig. 6 . In general, models overestimate Tn10 and Tn90 in most of the domain, except over the mountains to the west and on the northeast where some underestimation is observed. Mean differences between the multi-model ensemble and the observations over the entire domain are < 2°C, with Tn90 showing slightly higher differences than Tn10, especially during the warm season (see Fig. S2 in the Supplement). These biases are higher than those found by Solman et al. (2013) for mean temperature over La Plata Basin during the austral winter using the same multi-model ensemble, although they used different observed datasets. They also reported a systematic underestimation of mean temperature throughout the year over the Andes, which is also seen in both extremes of minimum temperature. It is important to note here that observed gridded datasets may perform less accurately over regions of complex topo graphy, such as the Andes (Tencer et al. 2011) , and therefore some caveats should be considered when drawing conclusions regarding the skill of the models in these areas (Urrutia & Vuille 2009 , Rauscher et al. 2010 . During the warm season, biases tend to be slightly larger (around 3°C) over the whole domain.
Maximum temperature shows a greater spread among the models (Fig. 6 ) and lower spatial correlations (minimum correlation is 0.74). As for Tn, all models tend to overestimate the spatial variability within the domain. Centred root mean square errors are higher for Tx than for Tn, although still <1°C in most of the cases. A comparison between the multimodel ensemble and the observations during the warm season shows greater differences for warm than for cold extremes of Tx, with overestimation of the percentiles in the central part of the domain (up to 4°C for Tx90 and 2°C for Tx10, Figs. S3 & S5 in the Supplement) and underestimation in the west and northeast. During the cold season, the greater spread among the models leads to small differences be tween the en semble and the observations (smaller than 2°C in most parts of the domain).
These biases indicate an improvement of the simulation of extreme temperature events in the region. Carril et al. (2012) reported warm biases of up to 8°C (6°C) for Tx90 (Tn10) when using previous versions of 4 of the 7 models used in this study (i.e. LMDZ, PROMES, RCA3 and REMO). However, the spatial pattern of the biases remains the same, with warm biases over La Plata Basin and cold biases over the mountainous regions to the west. Table 2 for definitions). Each point represents a model, and X is the ensemble of all models. Reference climatology (observations, OBS) is taken from Tencer et al. (2011) and Jones et al. (2013) , described in Section 2.1. Standard deviation and centred root mean square errors are normalized by the observed standard deviation All models underestimate Pr75, by >10 mm in some cases (Fig. S6) , except in the northwest, where some overestimation is seen during the warm season. Even though models tend to underestimate Pr75 values, the spatial distribution of these events is well simulated. However, the correlation between observed and simulated Pr75 fields is < 0.8 and spatial variability is underestimated in both seasons and by all models (Fig. 6 ). Mean differences between the model ensemble and the observations are around 6 mm over the entire domain (Fig. S6) . In particular, the ensemble is able to localize the maximum in tensity of Pr75 in April to September in southern Brazil and close to the coast, albeit with a large negative bias. This bias in the simulation of intense precipitation is in agreement with the negative biases found for mean precipitation during JJA over La Plata Basin by Solman et al. (2013) , who reported differences > 40% in the amount of monthly rainfall. During the warm season, they showed an underestimation of mean precipitation of around 15% and an overestimation over the upstream slopes of the Andes, which has also been reported before using other models (Rojas 2006 , Urrutia & Vuille 2009 ). Both characteristics are present in the extreme values as well.
Overall, models tend to show warm and dry or cold and wet biases during the warm season, probably due to the strong dependence of these variables on model physics (Solman et al. 2013) . This negative correlation between the 2 variables might have an impact on the occurrence of compound extreme events that has to be carefully considered in the analysis presented in the next section.
Compound extremes
In order to assess the skill of the RCMs to simulate the probability distribution of compound extreme events, we applied the same methodology described in Section 2.3 to each individual model and to a gridded observed dataset of daily temperature and precipitation (Tencer et al. 2011 , Jones et al. 2013 over the common period 1990−2000. Even though individual extremes are not always perfectly simulated, especially for precipitation, the occurrence of compound extremes is defined relative to each model's representation of the individual extremes. Therefore, we can expect that the models are still able to capture the occurrence of the compound extremes. However, special care has to be taken into account due to the correlation between the biases in temperature and precipitation, as mentioned in the previous section. Fig. 7 shows the joint distribution of heavy precipitation and extreme temperature events for the warm season, as depicted by the observed dataset (upper panels) and the multi-model ensemble of 7 RCMs (lower panels) in southeastern South America. The resemblance between the upper panels of Figs. 7 & 2 is expected, since the gridded dataset is based on data observed at a subsample of the stations included in the analysis of Section 3. However, the negative simultaneous relationship only suggested by station data during the warm season between Pr75 and Tn90 in the NE subregion (Fig. 2a) and Tx10 in the NW subregion (Fig. 2d) are more evident when the gridded data are used.
Overall, models are in agreement with observations in simulating a direct relationship between heavy precipitation events and Tn90 in the southeastern part of the domain, and between Pr75 and Tx10 in the east and south, during the warm season. However, they fail to locate the regions of indirect relationships between these extremes. The opposite is found for Tx90, where models capture the negative relationship in most of the domain, but miss the positive relationship in the centre of the domain that is seen in the observations. For Tn10, the indirect relationship with Pr75 is well established in the entire domain, although the intensity of the simulated relationship is weaker than the observed values.
During the cold season, model performance is similar to the warm season. However, the smaller number of events observed and simulated during this time of the year makes the analysis less robust (not shown). Fig. 8 shows a summary of the performance of each individual model and the multi-model ensemble for both seasons in the form of Taylor diagrams (Taylor 2001) for each compound extreme event. The spread among the models to reproduce the behaviour of the observed compound extremes is large in most of the cases, with negative spatial correlations in several cases, especially during the warm season. Overall, the multi-model ensemble (indicated by a cross in each panel) outperforms each individual model, mostly due to a compensation of biases among models. From the Taylor diagrams, we can conclude that the cold season is usually better represented than the warm season. However, the lower amount of compound events during April to September leads to less robust results. Fig. 8 . Taylor diagrams for each compound extreme event for warm (red) and cold (blue) seasons (see Table 2 for definitions). Each point represents a model, and X is the ensemble of all models. Reference climatology (observations, OBS) is taken from Tencer et al. (2011) and Jones et al. (2013) , described in Section 2.1. Standard deviation and centred root mean square errors are normalized by the observed standard deviation Fig. 7 . Heavy precipitation events occurring together with a temperature extreme event (Tn90, Tx90, Tn10, Tx10; see Table 2 for definitions) during the warm season (October to March) expressed as a ratio over the expected value (see Section 2 for details) for (a−d) the observations and (e−h) the ensemble of all the models. Dots depict grid points with a significant relationship at the 5% level. The analysed domain corresponds to the red square in Fig. 1 
CONCLUSIONS
In this paper, we have explored the statistical relationship between the occurrence of heavy precipitation events (defined as daily precipitation amounts exceeding the 75th percentile) and extreme temperatures (defined as daily minimum or maximum temperature above the 90th or below the 10th percentile) in southern South America during the period 1961− 2000 and the atmospheric circulation associated with them.
We found that the occurrence of a warm night significantly increases the probability of occurrence of a heavy precipitation event on the same or the following day across the whole domain during the warm season, especially in the SE subregion. This type of compound event is more significantly associated with a circulation pattern characterised by a short wavelength structure at 500 hPa, with a negative anomaly over the Pacific Ocean and positive centre over the Atlantic near 40° S. At lower levels, a trough located in the subtropical Pacific Ocean and a cold front at lower latitudes east of the Andes advect warm and wet air to the eastern part of the domain.
The same pattern described above may also lead to the occurrence of extreme rainfall together with a warm day in the SE subregion. However, extreme rainfall amounts also occur more frequently than expected after a warm day, when a centre of negative anomalies is located in the southwestern tip of the continent and a positive anomaly lies over the Atlantic inducing anomalous northwest flow over the subregion.
The frequency of heavy precipitation events decreases with the occurrence of cold nights during the warm season in most of the region of study and after a cold day, but increases on the same day or the day before a cold day. More than two-thirds of heavy precipitation and cold days happen when a high pressure system is located at the south of the continent, enhancing the anomalous east-southeast flow responsible for the advection of moisture at low levels.
Even though it was not always possible to find one type of circulation pattern associated with each compound event, some of the patterns typically associated with drought conditions in the domain of study by Barrucand et al. (2014) were not associated with any of the compound extreme events analysed in this study, which correspond to intense precipitation.
A new generation of RCMs for the region was also evaluated in this paper with regards to their skills in simulating temperature and extreme precipitation events. The magnitude of biases in the simulation of individual extremes has decreased compared to a previous version of 4 of the 7 models used in this study (compare results in Section 4.1 with Carril et al. 2012) . However, biases of up to 2°C and underestimation of precipitation by >10 mm are still found between the ensemble of the models and the observed data. These biases are in agreement with results for mean values found by Solman et al. (2013) , who reported a general negative correlation between mean temperature and precipitation biases during summer.
However, since compound extremes are defined relatively to each model's representation of individual extremes, these biases do not necessarily affect the skill of the models to simulate the joint distribution of heavy precipitation and temperature extreme events. In fact, we found an overall agreement between the simulations and the observed sign of the statistical relationship between these extremes in the region. Models were able to simulate an increase in the probability of occurrence of heavy rainfall during warm nights or cold days, and an inhibition of precipitation during cold nights. However, they tended to fail to capture the spatial pattern of the joint distribution of extreme temperature and precipitation events.
It is worth mentioning that the short period of time over which models and observations were compared (11 yr) could have influenced our assessment of the models. Results of this study should be extended over the whole period covered by the RCM simulations, for which an updated observed gridded dataset for the region is needed. It would also be useful to examine the circulation patterns during the occurrence of simulated compound extremes and their changes in future climate projections. We also aim to use the statistical relationship found between temperature and precipitation to evaluate changes in the occurrence of heavy precipitation events based on future projections of temperature extremes. 
